Introduction
Although next generation sequencing has been used extensively for the study of rare Mendelian diseases, there is less experience of its application to large case-control association studies of diseases with complex inheritance. Because of issues such as incomplete penetrance and allelic and locus heterogeneity, the task is to identify variants which are more frequent in cases rather than variants which are shared by all cases and not seen in any controls or in the general population. There are a number of approaches which can be used in an attempt to gain power by reducing the necessary correction for multiple testing. One general approach may be to restrict attention to variants which are judged to be "important" according to some criteria. These might relate to the predicted effect of the variant or to which gene it occurs in. The frequency of the variant might be used as a criterion; for example, if one is only interested in detecting variants with a large effect size then one may ignore common variants if the results of genomewide association studies have demonstrated that there are no common variants with a large effect size. Another approach is to group variants together and analyse them jointly. This may be done at the level of the gene, so that any correction only needs to be applied for the number of genes tested rather than the number of variants. Additionally, one may group genes into sets according to biological function and this can be viewed as a way of reducing multiple testing still further. Thus, if one is unable to conclusively implicate a gene then one may at least succeed in implicating a pathway.
A recent case-control study of schizophrenia using whole exome sequence from over 5000 subjects provides a useful illustration of these approaches (Purcell et al., 2014) . Attention was focussed on genes deemed a priori to be of interest based on previous GWAS, CNV and de novo SNV studies. Analyses were carried out with three different criteria for including variants based on their predicted effect on gene function. For each of these, three sets of allele frequency were used to include variants: singletons, up to 0.1% or up to 0.5% so that overall nine sets of analyses were carried out. Individual variants were tested and in addition two gene-based tests were applied-a one-sided burden test for increased rare variants in cases and the SNP-set (sequence) kernel association test (SKAT), which tests for differences in case-control allele frequencies in either direction (Wu et al., 2011) . A polygenic burden test was applied to the predefined set of genes and also to subsets defined on the basis of biological function or through having been implicated by de novo SNVs. None of the variant and gene-based tests achieved statistical significance but the study did demonstrate increased variant alleles in the gene sets.
As has been suggested previously (Madsen & Browning, 2009; Curtis, 2012) , an alternative approach to carrying out repeated analyses with different sets of variants included according to effect and/or frequency is to carry out a combined analysis which accords different weights to different variants. Such an approach is implemented in the SCOREASSOC program, which provides a parabolic function to give higher weights to rarer alleles and which allows a functional weight to be specified which can be based on the predicted effect of the variant.
Materials and Methods

Data Used
In order to assess the performance of the weighted burden test in a real world example, it was applied to data produced by the UK10K project (The UK10K Consortium, 2015) . Two cohorts of subjects were used, selected from the UK10K exomes arm. The OB cohort consisted of 982 subjects from the Severe Childhood Onset Obesity Project (Wheeler et al., 2013) and the SZ cohort consisted of 1392 subjects with schizophrenia recruited from five British centres. All subjects were British. Although a small proportion of schizophrenia subjects consisted of between two and five members of the same multiply affected pedigrees, for purposes of analysis all subjects were treated as if they were unrelated. The reason for using these two cohorts, rather than other subjects included in UK10K, was primarily that they represented two groups, each of which was phenotypically fairly homogeneous and which had similar geographical origins. The "case-case" design for association studies has the advantage that one does not require an additional set of controls but may have the disadvantage that if allele frequencies differ between the groups then one may not know which is the relevant phenotype . As described elsewhere (The UK10K Consortium, 2015) , the exome was targeted with the Agilent SureSelect 50Mb V3 exome library, followed by Illumina next generation sequencing with 75bp paired-end reads. An average read depth of 79x was achieved in the bait regions.
Variants were called with samtools/bcftools version 0.1.19-3-g4b70907. GATK Unified Genotyper (v1.6-13-g91f02df) was only used to recall at SNP sites discovered by samtools. This was to enable VQSR filtering of SNP calls. Three filters were applied to SNPs: LowQual, Description = "Low quality variant according to GATK (GATK)"; MinVQSLOD, Description = "Minimum VQSLOD score [SNPs:-1.9667, truth sensitivity 99.48]"; SnpGap, Description = "SNP within INT bp around a gap to be filtered [10] ." All SNP sites that did not fail these filters were marked as PASS. For the purpose of the current analyses, a number of additional constraints were applied to the downloaded VCF files to exclude some variants from analysis. Only single nucleotide variants (SNVs), not indels, were considered. Variants were excluded if they did not have a PASS in the information field, if there were more than five genotypes missing in either cohort or if the heterozygote count was smaller than both homozygote counts in both cohorts. At a subject level, variants were excluded if they had a genotype quality score less than 30.
Ethics Statement
This paper involves the analysis of data produced by UK10K. All subjects gave informed consent and each group received approval from the appropriate Research Ethics Committee in the United Kingdom.
Method of Analysis
Custom software was written to extract information for one gene at a time from the master VCF files. The variants from all transcripts of each refseq gene were extracted, using only variants called from within the targets. Variants were annotated using the hg19 reference sequence and where a variant had a different effect in different transcripts the one with the largest effect was used. The variants for each gene were analysed using the SCOREASSOC program. Rarer variants were accorded a higher weight than commoner ones, such that an extremely rare variant with minor allele frequency (MAF) close to 0 would be allocated a weight 10 times higher than a common one with MAF of 0.5, with variants of intermediate frequencies being allocated intermediate weights using a parabolic function (Madsen & Browning, 2009; Curtis, 2012) . The allele of interest was considered to be the rarer allele, even if the reference allele was rarer than the alternate allele. If any variant had more than one alternate allele then these were grouped together so that the variant could be considered as biallelic. Weights were also allocated according to the effect of the variant. An arbitrary weighting scheme was devised, so that a variant producing a new stop codon within a coding region would be allocated 20 times the weight of an intergenic variant. Variants in coding regions were allocated a weight of 3 if they were synonymous and 10 if they were nonsynonymous. A full list of weights according to the effects of variants is presented in Table 1 . The weights for each type of variant were chosen so that variants deemed more likely to have an effect on gene expression or protein function were allocated higher weights. Likewise, these weights were chosen to be of the same order of magnitude as those relating to the rarity of the variant. Thus, a variant might achieve a similar weight either through being very rare or through being likely to have a functional effect. Each variant was then allocated an overall weight, achieved by simply multiplying together the weight according to rarity and the weight according to effect. Thus rarer, more functional variants would be given a higher weight than common variants in noncoding regions. As described previously (Curtis, 2012) , each subject would be assigned a score consisting of the sum of the weights of all the variant alleles possessed by that subject. An unpaired t test is used to test whether the average score for cases is higher than controls.
In the present study we wished to consider the results in two ways, firstly designating the SZ cohort as cases with the OB cohort as controls and then the other way round. All results were expressed as a signed log p value (SLP), this being the logarithm base 10 of the p value from the t test, being given a positive sign if there was an excess of rare, functional variants in SZ cases and a negative sign if the excess was in OB cases. Two sets of analyses were performed with different categories of variant. The broad category included all valid variants. The narrow category was restricted to splice site or nonsynonymous or stop variants and having MAF <0.1 in at least one of the cohorts.
The SLPs of individual genes were considered. Also, some genes were grouped into sets of a priori interest. For SZ, the same sets were used as described in Table S2 of the schizophrenia exome study, consisting of postsynaptic density (PSD), calcium channel, FMRP targets and SZ de novo (Purcell et al., 2014) . For obesity, genes listed in OMIM were used, consisting of NR0B2, SDC3, POMC, GHRL, PPARG, UCP1, CART, ADRB2, PPARGC1B, SIM1, ENPP1, ADRB3, UCP3, AGRP, PYY, MC4R, LEP, LEPR and PCSK1. 
Database Submission
Variants which appeared to be associated with the phenotypes studied were submitted to the Human Variation database at NCBI (http://www.ncbi.nlm.nih.gov/).
Results
Distribution of Test Statistic
There were 1,028,678 valid variants in 20,438 genes. The SLPs produced from the broad and narrow categories of variant were highly correlated, r 2 = 0.65. The Q:Q plots are displayed in Figure 1 . These show that when there was an excess of rare, functional variants in SZ subjects and the SLP was positive then the values obtained conformed well with null hypothesis expectations. However when the excess was in the OB subjects then the line for the negative SLPs is steeper, indicating that the p value obtained is somewhat anticonservative. To explore the possibility that this might have happened because the scores were not normally distributed, Wilcoxon's signed rank test was applied instead of a t test but almost identical Q:Q plots were obtained. Taking a suitable threshold for "genomewide significance" as log(0.05×1/20438) = 5.6, only one gene, NSF, almost reached this with SLP = −5.5 in the broad analysis. However, this is fairly meaningless if one takes into account the nonconservative nature of the test for the negative SLPs and overall the results do not produce real evidence for the involvement of any particular gene.
Although the analyses did not highlight any genes reaching conventional criteria for statistical significance once appropriate allowance was made for the number of genes tested, the results could still be used to rank genes, with the idea being that genes contributing to risk of SZ or OB might tend to have the highest or lowest ranks respectively. Also, one might expect to see genes belonging to the predefined sets tending to have more extreme SLPs than the rest. However when this was formally tested there was no evidence for such enrichment. For each set, the genes within it had the same average SLP as the others not in the set. Nevertheless, ranking genes according to SLP did draw attention to some individual genes which arguably are of interest. The highest and the lowest ranked genes for the broad and narrow analyses are shown in Table 2 . The full results for all genes are provided in Table S1 .
One gene that appears to be of interest is MC4R, melanocortin 4 receptor, which is the highest ranked when the narrow category of variants is used and the third highest using the broad category, implying that there is an excess of rarer, functional variants among SZ subjects. In fact, though, MC4R variants have previously been reported to both increase and decrease the risk for obesity rather than having an effect on schizophrenia (Vaisse et al., 1998; Yeo et al., 1998; Mergen et al., 2001; Miraglia et al., 2002; Heid et al., 2005; Young et al., 2007; Chambers et al., 2008; Loos et al., 2008) . To assist in understanding this result more fully, the raw output from the SCOREASSOC program is presented in Table 3 . This shows that there is a broadly similar distribution of variants between OB and SZ except that two nonsynonymous variants, at positions 18:58038832 and 18:58039276, are more frequent in SZ subjects. There is also a single, highly weighted stop variant at 18:58039478 in a SZ subject which would also make a contribution to the high MLP for this gene. The two nonsynonymous variants are rs52820871 (chr18.hg19:g.58038832T>G) and rs2229616 (chr18.hg19:g.58039276C>T), which are already well established to be associated with lower BMI (Geller et al. 2004; Heid et al. 2005; Stutzmann et al. 2007; Young et al. 2007; Wang et al. 2010; Evans et al. 2014; Malzahn et al. 2014 ). The stop variant is rs13447324 (chr18.hg19:g.58039478G>T), Y35 * , which is likewise well-established as a cause of autosomal dominant obesity Sina et al., 1999; Farooqi & O'Rahilly, 2006) . Thus, these results for MC4R are consistent with the previously reported effects of the two nonsynonymous variants as being protective against obesity but are anomalous in that the stop variant is observed in an SZ subject and not in any OB subject.
Another gene of interest is NLGN2, neuroligin 2, which is ranked fourth when using the broad category of variants. This codes for a postsynaptic protein and a previous study reported novel, functional mutations in NLGN2, each occurring in one or two subjects with schizophrenia (Sun et al., 2011 ). The SCOREASSOC output shows that the SLP of 3.5 reflects a general excess of rare variants among SZ subjects, mostly not affecting amino acid sequence. This effect is spread across dozens of variants, such that one cannot definitively identify any which might individually be associated with risk of schizophrenia.
Findings for genes which may be of interest are summarised in Table 4 . One phenomenon to be aware of is that because of LD relationships between variants the same signal can be picked up by multiple genes. This is the case for CRHR1, MAPK, STH and IMP5. A haplotype spanning all these genes is somewhat commoner in OB than SZ subjects. If it represents a real signal then CRHR1 seems to 
be the gene mostly likely to be responsible. Likewise, both HIST1H2AJ and HIST1H4A are highly ranked. However the variants making the most substantial contributions to the MLP for each gene are only 2 Mb apart and are in strong LD with each other, so there is in fact only one signal. A final point worth making is that for some genes the SLP is driven by just one or two variants with a very marked difference in allele frequencies between cohorts whereas for others there are large numbers of very rare variants, with a tendency for these to occur more commonly in one cohort or the other. For example, in SLAIN1 there is a nonsynonymous variant in 18 SZ subjects and only 1 OB subject. Likewise, in IL36B there are stop variants at two loci which between them are seen in nine SZ subjects and no OB subject, in DLG1 there is a nonsynonymous variant in 10 SZ subjects and no OB subject and in CRP there is a nonsynonymous variant previously claimed to be associated with CRP levels which is present in 17 SZ and two OB subjects. However, in other genes, such as NLGN2, GTF3A and HIBADH a number of very rare variants collectively account for the SLP.
Discussion
The anticonservative nature of the test when using the OB cohort as cases was viewed as slightly puzzling, given that it had previously been shown to behave well when applied to simulated data (Curtis, 2012) . The fact that the results treating the SZ cohort as cases were not markedly anticonservative make it seem less likely that this phenomenon might be due to popula- 
Table 3
Output from SCOREASSOC for the analysis of MC4R using the broad category of variants and treating SZ subjects as cases. 
Continued. Differentially expressed in T2DM. SLP is driven by splice site or nonsynonymous variants of which 7 are singletons occurring in OB subjects and the other, at 7:27570942, occurs in 8 OB and 3 SZ subjects tion effects such as stratification or linkage disequlibrium (LD) between variants. An alternative explanation is that the variance of the scores is underestimated when the excess occurs in OB subjects and this might, for example, result from subjects being related to each other or being the offspring of consanguineous matings. However, attempts to model relatedness by duplicating some subjects failed to reproduce the observed Q:Q plots. Likewise, treating homozygotes as heterozygotes, in an attempt to nullify the effects of consanguinity, failed to produce a closer fit to expected values. The weighted burden method does not adjust for population stratification and it assumes that the cohorts are ethnically well matched and that The finding that no genes produce results withstanding correction for multiple testing is in line with that of the previous schizophrenia exome study, which used a somewhat larger sample size. It is becoming apparent that next generation sequencing studies applied to complex diseases in samples numbering the low thousands are hypothesis-generating and are unlikely to produce results which conclusively implicate individual variants or genes. Nevertheless, some findings do appear to be of interest and worthy of attempts at follow-up, although there is a question of how much to focus attention on genes which seem to be plausible candidates without running the risk of overlooking novel findings which might point to previously unsuspected mechanisms of pathogenesis. For example, neuronal and inflammatory genes are thought to be involved in the susceptibility to schizophrenia and in this light the results for NLGN2, ARSA, DLG1, SLAIN1, ZNF507, CRP and IL36B seem interesting. Likewise, given previous findings related to obesity, the results for SIK2, CRHR1, SNORD115, GDF3 and HIBADH may be of note, especially in view of the fact that SNORD115 has been reported to be involved in the alternative splicing of CRHR1 (Kishore et al., 2010) .
Following up suggestive results in larger samples may not be straightforward. For variants which are not extremely rare this might simply involve carrying out genotyping in additional, larger case-control cohorts. However, some genes are highlighted on the basis of an excess of many different variants, each occurring in only one or two subjects. Validating these findings might require sequencing the gene in large numbers of subjects. It has been suggested that an alternative approach to following up an extremely rare variant is to carry out family studies of the subjects possessing the variant (Curtis, 2011) . Thus, if there are affected relatives who also have the variant one gains confidence that it has an effect whereas an affected relative not sharing the variant casts doubt on its relevance.
The results illustrate a problem with the analytic approach which was originally proposed, which was to test for an excess of rare and/or functional variants in cases compared with controls. In fact, three genes possibly involved in susceptibility to obesity, MC4R, ADCYAP1R1 and SIK2, produced highly ranked positive SLPs indicating that such an excess was occurring in SZ rather than OB subjects. Thus, had the method been applied as intended in a case-control study with OB chosen as the case phenotype then these findings might have been overlooked. It was argued previously that there were biological and statistical reasons to expect that, when dealing with a fairly rare disease with a deleterious effect on fitness, rare variants identified in a case-control study would be more likely to increase risk than reduce it (Curtis, 2012) . Nevertheless, the example of MC4R makes it clear that one cannot rely on this. In the light of this, it seems that one should attend to both strongly positive and negative SLPs in order to detect either an increase or decrease in variants among cases. Of course, this would not at all address the issue of different variants within the same gene having effects in different directions, in which case a test such as SKAT would be needed alongside the weighted burden test.
Approaches such as this might benefit from an improvement in the ability to predict the likely consequences of a change in DNA sequence. The weighting scheme used was crude and fairly arbitrary. One could easily imagine introducing other considerations, such as utilising SIFT and PolyPhen scores or information on regulatory function (Ng & Henikoff, 2003; Adzhubei et al., 2010) . If effects could be predicted accurately then weights could be assigned on a more rational basis. On the other hand, it can be argued that the whole point of performing empirical studies is that one does not know which variants contribute to risk until one sees the extent to which they are associated with a disease phenotype. The effects of varying the weights given to different types of variant were not explored systematically. One might expect that varying the weights would have some impact on the SLPs obtained and their ranks but, as is often the case, the advantages of carrying out exploratory analyses in order to find a more appropriate model may be outweighed by the difficulties in interpreting results obtained from testing multiple scenarios.
The weighted burden test provides a quick, simple and intuitive test summarising the extent to which a gene harbours more functional, rare variants in cases than controls. It can be used to rank genes and highlight genes of interest and one can then look at the results for individual genes and variants in more detail. The method allows the user to test all variants simultaneously in a single analysis, implementing a crude model of variant effects which may have some face validity. On the other hand, it requires that weights be specified in advance and makes no attempt to fit them to the observed data. The method is implemented only for dichotomous phenotypes although it might be possible to extend it to be applied to quantitative measures. In the light of the results obtained, it seems sensible to implement a two-tailed version of the approach, in that one should test for an excess of variants either in cases or in controls. However, this would not be helpful if some variants within a gene acted to increase risk and others to decrease it and in this situation one would not expect the method to be successful. Thus it should not be used in isolation. Hopefully, it will be possible to refine such approaches further once there is greater knowledge regarding the nature of genetic variation which influences risk of non-Mendelian disease. 
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